Furthermore, Minetti and Belli (19) found that neglecting the motion of the visceral mass can cause serious errors in locomotion studies.
Introduction
The recent growth in popularity of off-road cycling, combined with the desire to increase comfort and control, has led to an increasing use of suspension systems in off-road bicycles. To optimize. the performance of suspension systems when traversing rough terrain, a two-dimensional dynamic system model of a bicycle and rider would be usefuL. To achieve this, however, an accurate dynamic description of the rider is necessar.
Based on previous studies of the ars (1-3), legs (4-6), and whole body (7 -12) , it appears that modeling the rider as a lumped parameter system with linear springs and dampers is possible. While nonlinearities have been found to exist (13) (14) (15) , the nonlinearties may be neglected if the model is restrcted to a single body configuration, loading condition, and small range of motion. Thus, most of the previous studies are not directly relevant to this study because the flexion angles used and joint moments are not typical of off-road cycling.
Since the ars and legs provide significant vibration isolation for an off-road cyclist, they should be included as model components. Wong and Hull (2) determined that for an on-road cycling position, the ars could be modeled as a spring and damper in parallel from the shoulders to the hands. Similarly, Greene and McMahon ( 4 ) found that the legs could be modeled as a spring and damper in parallel from the hip to the foot. Of the above-mentioned previous studies dealing with the arms and legs, these are the only two that had even remotely similar body configurations and load lèvels to those seen in off-road cycling.
Wilczynski and Hull (16) used the studies of Wong and Hull (2) and Greene and McMahon (4) to create a dynamic system model of the rider. Their simulations showed that the range of motion of the.imbs during off-road cycling is sufficiently small to justify the use of linear elements.
Along with the ars and legs, several researchers have found the motion of the visceral mass to be important. Zagorski et al. (17) and Coermann (7) found that the internal organs had a natural frequency of 2-5 Hz and 3 Hz, respectively, for seated subjects. Garg and Ross (8) found the internal organs to have a natural frequency of about 2 Hz for a standing subject. Muksian and Nash (18) used a nonlinear model of a seated human and found that the thoracic organs resonated at about 3 Hz. 
Methods
The model development involved three distinct stages: vibratory testing to determne transfer funçtions for the ars and legs, development of computer-based dynamic system models, and an optimization on stiffness and damping parameter values. and the second two were used to determne the FRs of the legs in flexion. Each subject assumed his normal riding position (i.e., flexion angles were not specified).
Depending on whether the ars or legs were being tested, either a set of handlebars or a set of bicycle crank ars and pedals was mounted on the ram of a servohydraulic actua~or.
Although the inputs to the bicycle/rider system can be as high as 20 Hz (16), preliminar tests showed no significant rider dynamics above 10 Hz. Thus, the ram was displaced with a random signal (white noise) bandlimited to 12 Hz using a lowpass filter ( 120 db/ decade rolloff). The peak-to-pe~. amplitude was set to approximately 12 mmto produce arealistic off-road riding level of comfort (as judged by the subjects).
Three riding positions were tested: seated, standing, and Transactions of the ASME In the first two tests, the ars were evaluated in both the seated and standing positions. In each test, reflective markers were placed on the ram (the input) and the subject's spine between the shoulders (the output) at approximately the fourth thoracic vertebra. A motion analysis system recorded the motions of the markers. For the seated case, the subject was seated on a custom fixture, which positioned the seat and pedals (which were stationary) such that the relative positions between the seat, pedals, and handlebars matched that of a standard 46 cm off-road bicycle (Fig. 1) . In the second test the subjects stood straight-legged and pinched the saddle between their legs to minimize any hip motion. The neutral vertical position of the handlebars was increased 1.27 cm to accommodate the fact that the hips were higher than normal (due to the straight legs).
In both the standing and seated tests an instrumented handlebar monitored the average vertical force on the right hand.
This value was used to maintain the same weight distribution
. between tests. A real-time .output of this force was also displayed to help the subjects maintain a constant weight distribution.
The third and fourth vibratory tests were used to determne the FRFs of the legs in both the standing and downhil positions.
For both cases the subject used a pedal! shoe interface that rigidly fixed the rider's feet to the pedals. The reflective marker used to monitor the motion ofthe rider was placed on the rider's lower spine near the third lumbar vertebra. For the standing position, the subjects were instructed to keep -JOurnal of Biomechanical Engineering ent dynamic system models of the rider were developed to simulate the four vibratory tests. The model shown in Fig. 2 simulated the two vibratory tests involving the arms and the model shown in Fig. 3 simulated the two vibratory tests involving the legs. In all cases, the segment lengths were experimentally measured and the inertial properties calculated via the regression equations given by Chandler et al. (20) . In the dynamic model used to simulate the ar tests, the ars were modeled as two rigid bodies connected by frictionless revolute joints with a linear spring and damper in parallel spanning the handlebars and shoulders. The arm segments were modeled as being in a plane perpendicular to the plane of the bicycle and oriented such that the plane contained both the hands and the shoulders (note that, for clarity, the ars are not shown in this configuration in Fig. 2 ). Because the shoulder girdle was modeled as translationally rigid, but actually had significant flexibilty, the actual mechanics of the shoulder girdle were included in the arm rnodel. The inertia properties of the shoulder were included with those of the torso. The hands were modeled as point masses attached to the end of the lower ars.
The rider's head was modeled as rigidly connected to the torso. The torso, in turn, was modeled as a rigid body (containing the visceral mass, discussed below) pivoting about the ischial tuberosities, which were. modeled as a fixed point. In the seated case, the location of the ischial tuberosities coincided with the seat. In the standing position, the location of the ischial tuberosities was measured during the vibratory tests.
In the dynamic model that simulated the leg tests, each leg was modeled as two rigid segments connected by frictionless revolute joints with a linear spring and damper connecting the hip to the crank spindle (bottom bracket). However, because the model contained only one degree of freedom associated with the legs, the anke was treated as a revolute joint whose location was fixed relative to the cranks. The feet were modeled as fixed links connecting the ankle to the cranks (also fixed).
Like the shoulders, the hip joint also has some translational flexibility. Thus, similar to the shoulder girdle, the hips were modeled as translationally rigid, but the actual mechanics of the hips were included in the leg portion of the modeL.
In both the standing and downhil positions, the rider's torso and ars were modeled as rigid links. The ars were modeled as a single link connected to the handlebars and shoulders via frictionless revolute joints. This configuration resulted in the torso having pin joints at both ends (hips and shoulders), which allowed translation in the horizontal direction. To prevent this motion, the rider's hips were constrained to move vertically.
For the downhill position, a torsional spring and damper were introduced between the legs and torso because the hip was also modeled as a frictionless pin joint. These elements reflected . that fact that the rider creates a moment about the hip to support his upper body (recall that the hands supported only about 10 percent of the weight). As shown in both Figs. 2 and 3, the visceral mass was modeled as a point mass located inside the torso. It was attached to the torso at the midpoint between the shoulders and hip by a linear spring and damper oriented to allow motion perpendicular to the long axis of the torso. The visceral mass was assumed to be 15 percent of the total body mass (19, 31) . The inertial parameters for the torso given by Chandler et al. (20) were reduced accordingly to account for this discretization of the torso. The resulting inertial properties are presented in Table 1 .
Parameter Determination. Once the vibration tests were completed and the dynamic models developed, the stiffness and damping parameter values were calculated for all four tests for each of the seven test subjects. To accomplish this, the amplitude ratios were calculated for both the experiments and the simulations. An error function was defined and the stiffness and damping parameters were chosen to minimize the error function.
/Q: / .. .. The input, x(t), represents the motion of the handlebars, and the output, y(t), represents the motion of the reflective. marker. Note that for clarity the arms are shown in a position different than that in which they were modeled. Solid circles represent revolute joints.
Because of the random input, random data analysis techniques were applied (22) . An estimate of the amplitude ratio, AR ,at frequency f was defined as
where Sxy(f) is the cross-spectral density function of the input and output, and Sxx(f) is the autospectral density function of the input. SXy(f) and Sxx(f) were calculated by averaging 45 subrecords of 2 seconds each (leading to 0.5 Hz resolution). For all of the results presented, a normalized random error of less than 10 percent was maintained.
To determne the amplitude ratio for the models, the equations of motion for each model were developed using Kane's method (23) . The equations were then integrated using a fourth-(1 \ I . x(t) 1 Notes: Mass and inerta for an segments is for both left and right segments combined.
Inerta for ar segments is about segment principa axes.
Inerta for al.other segments is about axs perpndicuar to saggta plane.
Ma and inerta for leg segments is for right only (left is ased to be the sa): Torso ma and inerta include the bead.
(1 )
order Runge-Kutta routine. The input displacements used in the simulations were the actual displacement data taken during the vibration tests.
The same data reduction routine that was used to calculate the amplitude ratios for the experimental data was used on the output data from the simulations. The difference between the experimental and simulation results formed the basis for the cost function:
where ARexp and ARmodel are the estimates of the experimental.
and model amplitude ratios respectively,f¡ is the ith frequency, and N is the total number of discrete frequencies for which the normalized random error was less than 10 percent. However, because the estimate given by Eq. (I) does not estimate the "valleys" of the FRF well (22) , for the cases where a definite "valley" existed, the lowest frequency between the two major resonance peaks and its two neighboring frequencies were excluded from the cost function. Ths exclusion prevented "valleys" from erroneously enlarging the cost function. The cost function given in Eg. (2) was then minimized using Powell's multivarate search technique (24) .
. Since it is not possible voluntarly to alter the properties of the visceral mass, it was assumed that the stiffness and damping of the visceral mass did not depend on riding position. Thus, once the optimal parameter values were obtained for all four test cases, the parameter values associated with the visceral mass were averaged over the four tests for each subject individually. The parameter optimizations were then performed again with the visceral parameters constrained to the averaged values.
Results
The optimal values for the stiffness and damping parameters .
for the ars, legs, and visceral mass are presented in Table 2 . Transactions of the ASME rig parameters id in Table 2 . m-slrad). Furthermore, manual adjustment of these values by a factor of ten had no effect on the results. The varation between subjects was quite large for most of the parameter values (Table 2 ). For example, for the stiffness of the legs in the standing position, the largest value was 2.5 times larger than the smallest value.
The damping for the ars increased for every subject when comparng the seated and the standing cases. The stiffness showed a similar trend for six of the seven subjects. The legs displayed a consistent trend of decreasing stiffness and damping for every subject when comparing the standing and the downhil riding positions.
The stiffness values for the visceral mass were fairly consistent both within a subject (four cases) and among subjects, with the average being about 19 kN /m. Within a subject the stiffness values vared a maximum of 13 percent (relative to maximum) between test cases. The damping values, however, were extremely inconsistent (both within and between subjects) with the largest value being nearly 20 times that of the smallest.
The large varation in the damping of the visceral mass can be seen iu the plots of the amplitude ratios (Figs. 4 and 5) . In general, subjects could be divided into two categories based on the prominence of the second resonance peak (five of seven subjects exhibited prominent second peaks). Because of the similarty of the results, those for only two of the subjects (one from each category) are shown.
The agreement between the experimental data and the com- ..
'g 1.00
.": The discrepancy was apparent in all the subjects that displayed a prominent second peak. Although the amplitude ratio plots are not shown for all the subjects, the frequency at which the resonance peaks occurred was fairly consistent. For the legs in the downhill position, the first peak ranged froID 1 to 2.5 Hz. For the legs in the standing position, the peak always occurred between 2 and 4 Hz. For the arms in the seated position, the peaks occurred between 2 and 3.5 Hz. For the arms in the standing position, the peak was between 2.5 and 3.5 Hz. Finally, for the visceral mass, the peak vared from 6 to 8.5 Hz.
Discussion
In creating the dynamic models, several assumptions were made. The most basic assumption was that the system could be modeled using linear elements. While the elements were linear, nonlinearities in the model could exist due to geometrical factors.
Preliminary tests using a swept sine wave to determine the amplitude ratios indicated another source of nonlinearities. For a single-component sine wave, the rider was able to adapt his response by varing the muscle forces without varying flexion angles (through co-contraction). To minimize the possibility of adaptation, random inputs were used. Qualitatively, each subject stated that the inputs felt very similar to actual off-road cycling. This nonlinear behavior of muscles also prevents a meaningful comparison of the results presented in this study to the results of the previous studies by Wong and Hull (2) .. 
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Frequency (Hz) Fig.4 Experimental (points) and simulation (solid line) amplitude ratios for all four test cases for Subject 7. These plots are representative of those subjects for which a prominent second peak was evident. Only the amplitude ratios for which the normalized random error was less than 10 percent are reported.
Arms (seated position)
Arms (standing position) (solid line) amplitude ratios for all four test cases for Subject 5. These plots are representative of those subjects for which a prominent second peak was not evident. Only the amplitude ratios for which the normalized random error was less than 10 percent are reported.
Another assumption was that the second degree of freedom (DOF) was due to the motion of the visceral mass. While it is possible that the second DOF was the head/neck in the ar tests and the feet! ankles for the leg tests, the likelihood that each subject had the same ankle and neck stiffness tended to rule out this possibility especially in light of the varations that existed for the ar and leg parameter values.
There is also the possibility that during the ar tests, the DOF was due to the compliance of the seat fixture for the seated case and of the legs (knees locked straight) for the standing case. However, the likelihood of this is remote when considering the fact that this would explain the second resonance peaks for only the ar tests. The second resonance peak for the leg tests would have to come from another source (e.g., the head), and it is highly improbable that it would have the same resonance frequency as in the ar tests.
To prevent horizontal translation of the torso in both the standing and downhil positions, the hips were constrained to vertical movement. In reality, moments generated at the shoulders and hips are used to balance the rider, but these moments are ultimately resisted by horizontal forces at the handlebars and pedals. Thus, creating a constraint force between the rider and bicycle frame seems reasonable. While the logic behind the use of the hip spring (to support the upper body) is reasonable, the insensitivity of the model to this parameter seems paradoxicaL. For a particular case and subject, the initial angle of rotation was such that the inclination of the torso was the same for each simulation. Although the spring must be present to support the weight of the torso, the range of motion for the hip angle was so small (a few degrees) 252 I Vol. 119, AUGUST 1997 that the results were insensitive to this parameter within the range tested.
The lack of interaction between the ars and legs was another assumption. Correct body positioning required that the subject distribute his weight on both hands and feet, which allowed for the possibility of the arms and legs interacting during the standing and downhill tests. To minimize this possibility, the subjects locked either their ars or legs as required by the paricular Inherent in. the modeling of the visceral mass motion were the assumptions that the torso acted as a rigid body and that the visceral mass moved perpendicular to the long axis of the torso. In each of the studies cited earlier involving whole body vibration, the visceral mass moved vertically (along the long axis of the torso) with a natural frequency of 2-5 Hz (17 -20) . Although this motion may have been present, it was probably small because the only mechanisms that would cause this motion were the centrifugal forces from the rotation of the torso.
Thus, neglecting the longitudinal mode was probably justified.
As for the flexibility of the torso, any motion would have been perpendicular to the long axis. This would have acted to alter the effective mass and location of the viscera. While the use of a different visceral mass and location would change the resulting óptimal stiffness and damping parameter values, there is no guarantee that the discrepancy between simulation and experimental results would be decreased. In addition to modeling assumptions, the possibilty of measurement errors due to soft tissue motion existed. However, the markers were placed on the subject's spine where the skin is very thin. Additionally, large motion of the skin in the direction of travel (perpendicular to the spine in the plane of the bicycle) is not possible. Consequently, it was concluded that soft tissue motion was negligible.
Transactions of the ASME
The issue of the model's uniqueness is also important. While the model developed is most likely not unique in that other model forms could attain similar accuracy, the model developed is physically plausible.
A related concern is that the number of parameters (four for each case) also allows for the possibility of non-unique set of parameter values for the model developed. That is, a different set of parameter values may result in a similar cost function value. While local minima were checked for (by restaring the optimization at different initial conditions), uniqueness of the solution was not.
While the possibility of non-unique solutions makes interpretation of the results (e.g., trends in stiffness values) difficult, the relatively good agreement between the experimental and simulation results encourages some discussion regarding the utility of the models. Recall that the motivation for this study was to develop a dynamic system model for an off-road cyclist so that off-road bicycle suspension systems can be optimized. The model of the cyclist described herein could be combined with a dynamic model of an off-road bicycle (25) to create a dynamic system model of the bicycle and rider. The combined model could then be "ridden" over simulated terrain and various quantities such as suspension motion, acceleration of specific points, and rider-bicycle interaction loads could be calculated. These quantities could be used in an objective function to optimize suspension characteristics.
To determne the robustness of the optimal design, a sensitivity analysis to the input varables also would be usefuL. Because the input varables (i.e., stiffness and damping parameters) associated with the cyclist are not independent varables, in this case a sensitivity analysis would require changing all the varables simultaneously (i.e., use a different rider). The parameter values given in this paper would serve for such an analysis. 
Conclusions
The stiffness and damping constants for the ars, legs, and visceral mass were determned for seven subjects in three offroad cycling positions. A series of four vibrational tests utilizing random inputs provided the experimental amplitude ratios.
Computer-based dynamic models of the rider in each of the four tests were developed and used to determne the optimal stiffness and damping parameter values for each subject. Based on the relatively good agreement between the experimental and simulation results, it is worthwhile to use the model in simulating the response of a rider/bicycle system to optimize off-road bicycle suspension performance.
